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The LHC is a high field, high luminosity hadron collider. The desire to exploit the existing
LEP tunnel and infrastructure in the most cost effective way while reaching the highest possible
energy led to the choice of a high field superconducting technology, using NbTi conductors
in superfluid helium. This has important consequences for the design and performance of the
machine. In particular unavoidable magnetic field errors of superconducting magnets have a
strong influence on the machine performance and must be carefully compensated.
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1 INTRODUCTION
The vast majority of large hadron colliders proposed or designed in the last
two decades uses superconducting magnets. The obvious reason is that of
cost. It has been shown that the price per Tm of superconducting magnets
is much lower than that of classical ones. In addition, the power bill during
operation is reduced, and if one considers the problems linked to the size of
the site and of the infrastructure, the reasons to choose a superconducting
system are compelling. In the case of the Large Hadron Collider (LHC) the
tunnel and the general infrastructure exist already. A strong incentive toreach
the highest possible energy on the available CERN site led the designers to
use even higher fields than in other projects, thus pushing the technology to
its limit. The two-in-one design, in which the superconducting coils around
the two beam channels are embedded in the same iron yoke -and cryostat,
was adopted because it is particularly well-suited to a proton-proton collider
in this high-field regime. It reduces significantly the material cost, the tunnel
occupancy, and the installation cost.
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The only cost-effective way of reaching magnetic fields in the 9 T range
is to use the well-proven NbTi conductors but cooled at superfluid helium
temperatures. The choice of this high-field superconducting technology for
the LHC has consequences of overwhelming importance for many aspects
of the design and for the performance of the machine. Some of these
consequences follow directly from the properties of the superconductors and
from the way the magnets are built. This is the case of the magnetic errors
which are much larger in a superconducting machine than in a classical one.
Others come indirectly, for example through the very low temperature of the
beam enclosure.
On the one hand, the high-field technology helps reach the high luminosity
required for physics in the TeV energy range by allowing strong focusing of
the beams in the experimental insertions, by reducing the amount of particles
necessary, and by making the beams less prone to collective instabilities. On
the other hand, it makes the machine extremely sensitive to beam losses and
to synchrotron radiation.
After recalling the general parameters of the LHC, we shall present the
magnetic errors which are inherent to superconducting magnets, and the ways
to minimize their effects.
2 LHC PARAMETERS
The LHC is a high-field, high-luminosity proton-proton collider, l which will
also be able to collide heavy ions, for instance lead against lead. At a later
stage it will be possible to arrange collisions of protons in LHC against
electrons in LEP. In this report we restrict our considerations to the LHC as a
high-luminosity proton-proton collider, which is by far the most demanding
case.
In our desire to use the highest possible magnetic field, an ambitious
goal was set at the beginning of the Research and Development progra!Dme,
aiming at a maximum field of the order of lOT. In fact, 10.5 T were reached
in 1 m long magnet models, but the programme showed that difficulties and
cost increased considerably above say 9.5 T. The LHC design is now based
on a maximum 'short sample limit' field of 9.5 T, with an operating field of
8.4 T. Figure 1 shows the cross-section of the magnet.
The luminosity is limited by combined long-range and head-on beam-beam
effects to about 1034 em- 2S-1 for two experiments operating simultaneously.
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LHC DIPOLE: STANDARD CROSS-SECTION
FIGURE 1 Dipole magnet cross-section.
The beam current is about 0.5 A distributed among 2835 bunches of 1011
protons each.
Tables I and II display the main parameters of the machine, while Figure 2
shows the overall structure of the LHC with the utilization of the eight straight
sections.
The layout of an arc half-cell is shown in Figure 3. It consists of a string of
three 14.2 m twin-aperture dipoles and one 3.10 m quadrupole separated from
the string by 2.42 m. The separation between the dipoles is 1.46 m, which
includes 520 mm for connections between the cryostats. In the shadow of the
dipole magnet ends, sextupoles and decapole correctors are located on the
right and left side, respectively.
The arc quadrupole assembly has on its left side a beam position monitor
(BPM) and an octupole, and on its right side a combined sextupole/dipole
corrector.
The nominal betatron phase advance is 900 per cell but it is in practice
slightly adjustable in order to control the betatron tunes.
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TABLE I LHC performance parameters
Energy E [TeV] 7.0
Dipole field B [T] 8.4
Luminosity L [cm-2s-1] 1034
Beam-beam parameter ~ 0.0034
Total beam-beam tune spread 0.01
Injection energy E i [GeV] 450
Circulating currentlbeam I beam [A] 0.53
Number of bunches kb 2835
Harmonic hrf 35640
Bunch spacing rb [ns] 24.95
Particles per bunch nb 1.05 1011
Stored beam energy E s [MJ] 332
Normalized transverse emittance ({3y)a 2 / {3 Cn [mrad] 3.75 10-6
Collisions
Beta-value at J.P. {3* [m] 0.5
r.m.s. beam radius at J.P. a* [/Lm] 16
r.m.s. divergence at J.P. a'* [/Lrad] 32
Luminosity per bunch collision L b [cm-2s-1] 3.2 1026
Crossing angle 4J [/Lrad] 200
Number of events per crossing n c 19
Beam lifetime rbeam [h] 22
Luminosity lifetime rL [h] 10
TABLE II LHC parameters related to RF
Injection Collision
Intrabeam scattering
Horizontal growth time rh [h] 45 100
Longitudinal growth time rp [h] 33 60
Radiofrequency
RF voltage Vrf [MV] 8 16
Synchrotron tune Qs 5.5 10-3 1.9 10-3
Bunch area (2) Ab [eV.s] 1 2.5
Bucket area Arf [eV.s] 1.46 8.7
Bucket half-height ~p/p 1 103 3.6 10-4
r.m.s. bunch length as [m] 0.13 0.075
r.m.s. energy spread ae 4.5 10-4 1.0 10-4
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FIGURE 2 Schematic layout of LHC.
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FIGURE 4 Optics of the standard arc cell.
3 MAGNETIC ERRORS
The Tevatron and HERA were pioneers in investigating the distortions of the
magnetic field inherent to superconducting magnets. In this respect the LHC
magnets are not very different from their predecessors. Of course they have
a higher field, a smaller bore, and a two-in-one geometry which introduces
additional effects. But by and large the very detailed measurements made
at HERA can be used with proper scaling to predict the magnetic errors
in the LHC. The non-linear errors are measured in terms of the high-order
coefficients an and bn of the complex field expansion
(1)
where Bl is the nominal vertical magnetic field, By and Bx are the actual
components of the field in the vertical and horizontal planes, Rr == 1 em is
the reference radius, and Z == x + i y. The values of the coefficients depend
on the design and the size of the magnet coils. They are shown in Table III.
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TABLE III Expected multipole performance, at injection and at 8.40 T (in units of 104 relative
field error at 10 mm)
At injection, 0.58 T At nominal operation, 8.40 T
Systematic Random Systematic Random
n norm. skew norm. skew norm. skew norm. skew
n bn an a[bnl a[anl bn an a[bnl [anl
2 ±0.7 ±0.7 0.4 1.0 1.4 ± 0.7 ±0.7 0.4 1.0
3 -3.4 ± 0.3* ±0.3 0.5 0.15 1.0 ± 0.3* ±0.3 0.6 0.15
4 ±0.2 ±0.2 0.1 0.1 ±0.2 ±0.2 0.1 0.1
5 0.25 ± 0.05* ±0.05 0.08 0.04 0.06 ± 0.05* ±0.05 0.05 0.04
6 -0.004 0.0 0.02 0.01 -0.005 0.0 0.006 0.01
7 -0.026 0.0 0.01 0.01 0.006 0.0 0.009 0.003
8 0.0 0.0 0.005 0.005 0.0 0.0 0.001 0.002
9 0.006 0.0 0.003 0.004 -0.001 0.0 0.001 0.001
10 0.0 0.0 0.002 0.002 0.0 0.0 0.0 0.0
11 0.008 0.0 0.001 0.001 0.008 0.0 0.0 0.0
*Systematic b3 and bs will be compensated by correctors at each dipole end. The b3 values in this table
indicate the magnitude of the persistent current effect at injection and of the yoke saturation at operational
conditions, the coil geometry being designed for b3 = O.
The errors have both systematic and random components. The systematic
ones, which are the same in all magnets of a production line, are mainly
due to persistent currents. Their magnitudes are calculable but their time
dependence is not well understood and must be measured. The random ones
are mainly due to manufacturing tolerances and vary from magnet to magnet.
These two types of errors produce different kinds of effects, and are treated
separately.
The measurements made· till date on the few available LHC magnet
prototypes largely confirm the validity of Table III. The main difference
between the LHC and its predecessors lies in the much enhanced sensitivity
to errors of the LHC due to its larger size. This point will be illustrated in the
section on coupling effects.
4 SYSTEMATIC ERRORS
Persistent currents in the superconducting filaments produce large sextupole
and decapole errors in the dipole magnets and dodecapole errors in the
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quadrupoles, mainly at injection energy. Their most detrimental effect is
to render the tune of particles dependent on their betatron amplitude and
momentum deviation. This creates a tune spread in the beam with the
consequence that relatively low-order betatron resonances (of order 5 to 7)
can no longer be avoided and produce beam losses. In the LHC, these effects
were minimized by reducing the diameter of the NbTi filaments to 6 jLm,
but this is not enough to reduce sufficiently the errors in the long dipoles
and special correctors have to be used in addition. Studies have shown that
a few strong correctors located close to the lattice quadrupoles would not
be adequate: the correction must be located closer to the sources of errors
to avoid the build-up of high-order interferences. In a previous version of
the LHC lattice which had four dipole bending magnets per half-cell, a very
efficient scheme featured sextupole and decapole correctors in between pairs
ofdipoles in the middle ofeach half-cell. In the final version, which has longer
dipoles but only three per half-cell, this solution is no longer practical, and we
have instead introduced small 10 cm long correcting coils, one sextupole and
one decapole, at each end of the magnets. Figure 5 shows the effectiveness of
the correction scheme in reducing the tune dependence on betatron amplitude
and momentum.
5 RANDOM ERRORS
The random errors essentially excite betatron resonances. Low-order res-
onances lead usually to a rapid loss of particles, and have to be avoided.
High-order resonances fill the tune plane and cannot be avoided. Their
strengths depend on the magnitude of the errors and on their particular
distribution around the machine, and increase very fast with the initial
amplitude of oscillation of the particles. They conspire to induce chaotic
motion leading eventually to slow beam losses above a certain amplitude,
which we call the dynamic aperture. The dynamic aperture, which is of
overwhelming importance for the LHC, is not calculable analytically but
has to be evaluated through computer simulation. For that a set of particles
with different initial amplitudes is tracked element by element around the
machine for a large number of turns. Usually about 104 turns are sufficient
to detect whether the particle motion is regular or chaotic. Chaotic particles
will eventually be lost on the wall, but this may take a long time for weakly
chaotic particles close to the dynamic-aperture limit. For some selected sets
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FIGURE 5 Tune shift with amplitude (left) and momentum (right) without (up) and with
(down) correction of systematic b3 and bs using end magnet coils. Note the change of vertical
scales.
of parameters the tracking is pursued up to 105 or 106 turns, which is the
maximum possible in practice with currently available computers. From this
one obtains 'survival plots' showing the variation of the survival time as
a function of the initial amplitude of the particles in the chaotic region.
These plots can be extrapolated to evaluate the maximum amplitude of
particles which are likely to survive for 107 or 108 turns as needed in
the real machine. In the majority of cases this amplitude is only slightly
above the chaotic boundary, which can therefore be taken as a safe
value for the long-term dynamic aperture. This evaluation has to be made
for a large number of realizations of the random errors, which we call
'random seeds' .
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The dynamic aperture can be expressed in units of the r.m.s. beam size
a. We believe that a dynamic aperture of at least 6 to 7 a is necessary for a
reliable operation of the machine. The limitation occurs at injection where
the non-linearities are the largest due to persistent currents and where the
beam has a large emittance. With the same coil design it is possible to reduce
the high-order coefficients by increasing the coil diameter. By doing so while
keeping the value of the field on the inner coil surface constant, one reduces
the coefficients an and bn by the enlargement factor to the power n - 1.
The initial design of the LHC had a coil diameter of 50 mID. This provided
an insufficient dynamic aperture and the coil had to be enlarged to 56 mID,
the value of the final design. Also dynamic-aperture studies showed that
high-order systematic errors, b7 and bg were too large in the initial magnet
design. A detailed study of the conductor's placement allowed a considerable
reduction in the value of these coefficients.
6 COUPLING EFFECTS
The a2 term in the field expansion (1) corresponds to a skew quadrupole
(a normal quadrupole rotated by 45°) and provides the lowest order, linear
coupling between horizontal and vertical betatron motion. It is absolutely
crucial in a. hadron collider to correct the effect of a2 in order to reduce
coupling effects, for the following reason. Inspection of a resonance diagram
in the tune plane shows that the only areas free of resonances are close
to the diagonal, where the vertical and horizontal tunes are almost equal
modulo an integer. Coupling terms create a band around the diagonal
where it is impossible to distinguish between horizontal and vertical tunes
(the eigenmodes are at 45°) and therefore it is impossible to adjust the
machine parameters. Since we have to operate very close to the diagonal
to avoid non-linear resonances, we must reduce the width of the linear
coupling resonance on the diagonal. This is done by placing skew-quadrupole
correctors at strategic places in the lattice.
In classical machines coupling is induced by unwanted small rotations
of the main quadrupoles, experimental solenoids, and vertical orbit offsets
in the chromaticity sextupoles. In the LHC all these effects are present but
are dominated by the a2 term in the field of the main dipoles. This term
is generated by an up-down asymmetry of the coils, which it is difficult to
reduce below a few hundredths of a millimetre on account of mechanical
tolerances.
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There is no reason why a2 should be much different in LHC magnets
than in HERA magnets. However, the stop band width, which reflects the
sensitivity of the machine to this coupling term, increases linearly with the
beta function and also with the machine radius R. This makes the LHC much
more sensitive than HERA.
As a consequence the correction must be extremely precise. It is possible
in the LHC to achieve the required precision by installing two correcting
skew quadrupoles on each side of the eight straight sections. However,
these localized correctors are strong and can themselves produce unwanted
side-effects like beta beating which have to be minimized by a suitable choice
of the lattice parameters. In addition, the currents in the correctors have to
follow the changes in a2 during the ramp with a precision of the order of
1% which is a real challenge. To alleviate these problems we are looking for
ways to reduce a2 and at the same time we are investigating lattices in which
the effect of a2 would partially compensate itself along the circumference.
7 TIME VARIATION OF MAGNETIC ERRORS
After studies in the Tevatron and then in HERA we know that the persistent
currents that flow on either side of superconducting filaments and produce
strong sextupole and decapole errors in the dipole magnets decay with
characteristic times ofabout an hour. This has to be taken into account because
injecting the beams into the LHC takes seven minutes. In addition we know
from experience with previous colliders that the starting time of the injection
process with respect to the initialization of the magnets varies from fill to fill
owing to various irreproducible events which occur during the procedure.
Since the errors due to persistent currents are supposed to be the same
for all magnets of a production line, we shall place measuring coils in
reference magnets as was done in HERA and use the information to drive
the small correcting lenses in the magnet ends as a first line of attack. Of
course there should be one reference magnet and correction system for each
ensemble of identical magnets. The last fine-tuning could be made using
measurements with the beam. The LHC is particularly sensitive to drifts in
the chromaticity Q' = ~Q/(~P / P) which is influenced by sextupoles
because of its large bunch line density and the large momentum spread
~P / P = 10-3 at injection. Chromaticity should always remain positive
to prevent dense bunches from being lost owing to the transverse head-tail
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instability. In addition the absolute value of Q' should also remain small to
keep the momentum spread in the beam ~Q = Q'~p / P small.
The persistent currents which decay slowly during injection are affected by
a rapid change during the early phase of the acceleration when the magnetic
field starts increasing. This is understandable since the raison d'etre of these
currents is to screen the inside of the conductors from the applied magnetic
field. This effect should also be corrected by the same means as during
injection. But there is another effect which happens during the ramp and
which is of great concern in the LHC. It is due to the finite contact resistance
between the different strands in the superconducting cable. This allows
current loops to develop as soon as the field rises, and these generate magnetic
errors which can vary from magnet to magnet, and which are proportional to
the ramp rate. To alleviate these effects we carefully optimize the interstrand
resistance (it cannot be made too large because it plays a role in balancing
the sharing of the current between the strands) and we plan to start the ramp
by a gentle progressive transition. The coupling term a2 is strongly affected
by these variations, and we are looking for operational methods to correct
the residual coupling online using beam measurements as a last resort.
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